We have previously characterized a cloned cDNA coding for a developmentally regulated mRNA in Drosophila melanogaster whose expression is selectively regulated at the translational level during oogenesis and embryogenesis. In this report we show that this translationally regulated mRNA (rpAl) codes for an acidic ribosomal protein. Furthermore, our results indicate that most ribosomal protein mRNAs are regulated similarly to rpAl mRNA. This conclusion is based on cell-free translation of mRNAs derived from polysomes and postpolysomal supernatants as well as in vivo labeling experiments. Thus, the translation of many ribosomal protein mRNAs appears to be temporally related to the synthesis of rRNA during D. melanogaster development. The relationship between rRNA transcription and ribosomal protein mRNA translation was further investigated by genetically reducing rRNA synthesis with the use of bobbed mutants. Unexpectedly, neither ribosomal protein mRNA abundance nor translation was altered in these mutants.
In both unfertilized sea urchin and Xenopus eggs, less than 2% of the ribosomes are associated with polysomes and most mRNAs are found in nontranslated messenger ribonucleoprotein complexes (mRNPs). After fertilization, the bulk of these mRNPs are recruited into polysomes (9, 50, 53) . Recruitment and translation of these mRNPs is regarded as a common phenomenon rather than a selective process for specific mRNAs (9) . Translation of mRNA in developing Drosophila melanogaster is regulated in a different manner. During oogenesis and embryogenesis the percentage of ribosomes in polysomes remains constant at about 56%, while the proportion of mRNAs associated with polysomes remains constant at approximately 70% (26) . The proportion of histone and actin mRNAs associated with polysomes has been determined by RNA blot hybridization analysis to remain at about 60% to 80% throughout oogenesis and embryogenesis (41, 41a) . The bulk of the nonpolysomal mRNA sequences (found as postpolysomal mRNPs) represent a subset of the polysome-associated mRNAs (11) . Moreover, protein synthesis studies have shown that the same abundant and moderately abundant proteins are synthesized throughout development (24, 42, 45) . Taken together, these results indicate that there is little variation in the population of abundant mRNA sequences represented on polysomes during D. melanogaster development.
There are however, examples of mRNA sequences that are specifically regulated at the translational level during D. melanogaster development. Sucrose gradient fractionation of postpolysomal and polysomal mRNAs has revealed that a small number of mRNA sequences exist in oocytes that are present exclusively in the postpolysomal fraction as mRNPs. In early embryos, these sequences associate with polysomes (28) , where they are presumed to be actively translated. We have recently described (11) the cloning of a developmentally regulated mRNA sequence (Ti mRNA) which is translationally regulated during Drosophila development in a manner opposite to that described by Mermod et al. (28) . This sequence is represented on polysomes during oogenesis but is selectively excluded from polysomes during early embryogenesis, at a time when rRNA transcription is low. * Corresponding author.
Interestingly, this sequence is again found associated with polysomes in late embryonic stages when rRNA transcription has increased. Furthermore, RNA blot hybridization assays have shown that the relative abundance of this mRNA sequence does not change throughout this period of development (1) .
Subsequent experiments in our laboratory have been directed at determining the identity of this gene and at understanding the mechanisms and function of this pattern of translational regulation. Here we report that the translationally regulated Ti mRNA codes for a ribosomal protein (r-protein) and that most r-protein mRNAs (rp-mRNAs) are similarly regulated during D. melanogaster development. Comparison of r-protein gene regulation in ovaries of wildtype flies and "bobbed" mutants, which have a decreased number of rRNA genes, indicates that the presumed reduction in rRNA synthesis in the mutant does not selectively affect rp-mRNA translation or rp-mRNA abundance.
MATERIALS AND METHODS
Embryo collections. Staged embryos from D. melanogaster (Oregon R, P-2 strain) were obtained by allowing flies in population cages to lay eggs for 0.5to 1-h intervals on agar trays smeared with fresh bakers' yeast. Embryos were aged at 25°C. To improve synchrony, the first collection was discarded. Better than 85% of the embryos were at the desired stage.
Bobbed mutants. All stocks were kindly provided by R. Scott Hawley. Stocks of Xbb/Xbb females were maintained by mating to Xbb/BSY males. A reduced lethal allele of bb2, named bb2rl16 (48) , was maintained by mating Xbb2rMl6/BSY males to XXyf/BsY females. The bb2rll6bbm allele is a revertant of bb2rll6 to a viable homozygous bobbed mutant (Hawley, personal communication). It has been estimated that 250 rRNA genes exist per haploid genome and that a deletion of 90% of the rDNA locus results in lethality (38) .
The bb2 and bb2rl16 alleles have been determined to contain approximately 102 and 20 rRNA genes, respectively (Hawley, personal communication). Thus, the bobbed flies used in these experiments (i.e., bb2rIl6/bb2 or bb2rll6/bb2rll6bbm) are estimated to contain no more than 25% of the wild-type number of rRNA genes. Because only the 3584 KAY AND JACOBS-LORENA rRNA genes without introns are transcribed (22, 23) , we cannot be certain of the exact number of functional rRNA genes in these mutants.
Newly eclosed flies were reared on fresh yeast for 12 to 48 h. Ovaries were individually dissected into ice-cold Drosophila Ringers solution (40) supplemented with 500,ug of cycloheximide per ml. Only ovaries containing oocytes not more advanced than stage 8 (15) were selected. The ovaries were frozen in liquid N2 and stored at -80°C until used.
Polysome preparation and RNA fractionation. Polysomes from ovaries and embryos of the desired ages were prepared by sedimentation through 15 to 50% sucrose gradients essentially as described (see references 11 and 40 for representative gradient profiles). Gradient fractions were pooled as follows. Embryonic postpolysomal RNPs and polysomes were collected from fractions sedimenting at 10S to 60S and greater than 80S, respectively. Ovarian postpolysomal RNPs and polysomes were collected from fractions sedimenting, respectively, slower and faster than the center of the 80S peak. Pooled fractions were ethanol precipitated, resuspended in high-salt buffer containing sodium dodecyl sulfate (SDS), and extracted with phenol-cresol-chloroform (41) . Poly(A)-containing RNA was obtained by two rounds of chromatography on oligo(dT)-cellulose (10) . The RNA was precipitated with ethanol and redissolved in sterile distilled water.
Isolation of r-proteins. Ribosomes were prepared by the method of Chooi et al. (7) . Ribosomal pellets were either dissolved in 0.2% SDS-1 mM dithiothreitol for isoelectric focusing (IEF) gels or resuspended in 10 mM Tris hydrochloride (pH 7.6)-100 mM magnesium acetate, and the proteins were extracted as described (14) . Although rproteins prepared in this manner have been shown to contain little or no cytoplasmic protein contamination, in certain experiments extensively purified r-proteins were used. These were prepared from polysomes isolated from sucrose gradients. The polysomes were dissociated into 40S and 60S subunits by the method of Sherton and Wool (47) . The subunits were fractionated by centrifugation on a 10 to 30% linear sucrose gradient (35 ml) made in 10 mM Tris hydrochloride (pH 7.6)-S500 mM KCl-5 mM magnesium acetate-I mM dithiothreitol for 3 h and 45 min at 26,000 rpm (125,000 x g maximum) in an SW27 rotor at 4°C. The fractions corresponding to the 40S and 60S ribosomal subunits were pooled and pelleted over a sucrose cushion (7) , and the r-proteins were extracted as described above. Except for the absence of some minor nonribosomal proteins in the more purified preparation, identical patterns were obtained by two-dimensional (2D) ribosomal gel analysis with both methods (results not shown).
In vitro translations. Poly(A)-containing RNA was translated at a final concentration of 12 ,ug/ml in a nucleasetreated reticulocyte cell-free system (New England Nuclear Corp., Boston, Mass.). Salts were adjusted to 50 mM potassium acetate and 0.65 mM magnesium acetate. Incubation was for 1 h at 30°C in the presence of 1.2 mCi of [35S]methionine per ml (specific activity, 1,050 Ci/mmol).
Labeling of whole embryos and preparation of the protein for gel electrophoresis. Embryos were labeled to high specific activity with [35S]methionine as follows (14a). Fifteen embryos of the desired stage were manually dechoroinated and placed on a siliconized glass slide over a dried drop of 30 ,uCi of [35S]methionine. A cover slip with a streak of silicone grease on its rim was placed over the embryos. The embryos were crushed by light pressure over the cover slip; at the same time the silicone grease established an air-tight seal.
Incubation was allowed to proceed at 22°C for 45 min. The cover slip was turned over, and the material was transferred to a 1.5-ml conical centrifuge tube with buffer A (10 mM Tris hydrochloride, pH 7.4, 0.5% Triton X-100). After centrifugation at 10,000 x g for 30 s, the pellet was extracted with 66% acetic acid in buffer A and the supernatants were pooled. This procedure yielded protein containing an average of 57,000 cpm (acid-precipitable in 10% trichloroacetic acid) per embryo. To prepare for gel electrophoresis, the detergent was removed from the sample by four extractions with ether, and the buffer composition was adjusted by passing the sample over a Bio-Gel P6 gel filtration column equilibrated in r-protein gel buffer: 8 M urea-0.1% acetic acid-10% 2-mercaptoethanol. The column was prepared in a disposable 1-ml syringe and then overlaid with the sample (about 100 ,ul) and centrifuged at 1,800 rpm (500 x g maximum) on a tabletop centrifuge. Overall recovery of radioactivity was the same for all samples at around 30%; however, marker r-proteins that were added at the time of embryo transfer were recovered with close to 100% yield. Alternative methods of sample preparation (dialysis, acetone precipitation, trichloroacetic acid precipitation) were not satisfactory.
2D gel electrophoresis. Radioactive proteins were mixed with 300 to 1,500 ,ug of marker proteins. Two different gel systems were used. Acidic proteins were fractionated by 2D gel electrophoresis using IEF in the first dimension (11) . The gels in Fig. 4 contained an additional 0.8% of pH 4-6 Ampholines so that rpAl migrates more towards the center of the gel. Basic r-proteins were fractionated on an acid-urea first-dimension gel prepared and electrophoresed as described (14) except that electrophoresis was at 150 V for 5 h. The second dimension was an SDS-17% polyacrylamide slab gel (14) (2D ribosomal gels). Gels were fixed in 50% trichloroacetic acid, stained with Coomassie blue, and destained overnight. The gels were prepared for fluorography with 1 M sodium salicylate (4), and the dried gels were exposed to Kodak X-Omat R film at -80°C.
Peptide mapping. Peptide maps were performed by the method of Cleveland et al. (8) . 2D gels containing a mixture of stainable quantities of r-proteins (about 300 ,ug per gel) and radioactive translation products (about 500,000 cpm per gel) were briefly stained. Selected spots were cut out of the gels and peptide mapped with V8 protease as described (8), except that 35 ,ug of enzyme was used for each digestion. Usually proteins from three gels were pooled. The peptides were fractionated on an SDS-20% polyacrylamide slab gel. These gels were stained and fluorographed as described above.
RNA blot analysis. For dot-blot analysis, RNA samples were made 25 mM sodium phosphate (pH 6.4) and blotted onto Gene Screen (New England Nuclear Corp.) filters. For RNA blot analysis, gel electrophoresis and transfer to nitrocellulose were essentially as described (40) . The hybridization with nick-translated (37), 32P-labeled, denatured DNA probes was identical for both types of analyses. Prehybridization and hybridization were done in the following buffer: 50% formamide-20 mM PIPES [piperazine-N,N'-bis(2ethanesulfonic acid)] (pH 6.4)-0.8 M NaCI-2 mM EDTA-100 ,ug of denatured salmon sperm DNA per ml-0.5% SDS at 44°C. The filters were washed in 0.1x SSC (lx SSC = 0.15 M NaCl-0.015 M sodium citrate, pH 7.0)-0.1% SDS at 50°C and exposed to preflashed Kodak TRANSLATIONAL REGULATION OF RIBOSOMAL PROTEIN GENES subclone (HR 0.6) of phage C25 coding for ribosomal protein 49 (49) ; for actin, the 3.4-kilobase HindlIl fragment from phage DmA2 cloned in pBR322 (12) ; for histone, the cDm500 plasmid containing all five D. melanogaster histone genes (20) ; and for rRNA, the plasmid pKB7 containing the D. melanogaster 18S and 28S rRNA sequences (52) .
RESULTS
The Ti mRNA (same as rpAl mRNA) translation product comigrates with an acidic r-protein. While the majority of the maternal mRNAs are continuously translated throughout oogenesis and embryogenesis, a few exceptional mRNAs are not. We have previously identified and cloned a DNA complementary to an mRNA (Ti mRNA) that is excluded from polysomes during early embryonic development despite the fact that it is present in high abundance at this developmental stage (1, 11) . Moreover, hybrid selection experiments have shown that this mRNA codes for a lowmolecular-weight acidic protein (11) . In an attempt to identify the protein product of the Ti mRNA, subcellular protein fractions from D. melanogaster embryos were prepared and examined. In an initial experiment, carrier amounts of either a crude nuclear fraction, a crude ribosomal fraction, or a postribosomal cytoplasmic fraction were mixed with trace amounts of radioactive cell-free translation products directed by embryonic poly(A)-containing RNA and fractionated on 2D IEF gels. The carrier proteins were stained, and the gels were then prepared for fluorography. By overlaying the fluorograms and the stained gels, the radioactive translation product of Ti mRNA (identified by its characteristic position on the 2D gel; see reference 11) was found to comigrate with a protein from the crude ribosomal fraction but not from any of the two other fractions. A subsequent experiment using extensively purified r-protein markers confirmed these observations ( Fig. 1 ). Most r-proteins are basic and do not migrate into IEF gels, accounting for the paucity of stained protein spots in Fig. lb . Comigration with an r-protein was also observed when radioactive translation products of hybrid-selected Ti mRNA were used instead of translation products of total polyadenylated RNA (results not shown). Peptide mapping experiments (see below and Fig. 4 ) confirmed the identity of the Ti mRNA translation product as coding for an r-protein. We conclude that the translationally regulated Ti mRNA codes for an acidic r-protein. Thus, Ti mRNA is henceforth referred to as rpAl mRNA.
Most rp-mRNAs are translationally regulated during embryogenesis. Most r-proteins are basic and cannot be detected on the 2D IEF gels that were used for the above experiments. This raises the question of whether translational regulation of rpAl mRNA constitutes an exceptional case or whether most rp-mRNAs are coregulated with rpAl mRNA. To examine this question, a 2D gel system that has been optimized for the fractionation of r-proteins (designated 2D ribosomal gel) was utilized to compare the proportion of rp-mRNAs associated with polysomes in 5-hand 18-h-old embryos. About 57 basic D. melanogaster r-proteins could be identified on these gels (Fig. 2 ). Postmitochondrial supernatants from 5-hand 18-h-old embryos were fractionated into polysomal and postpolysomal fractions. Puromycin runoff experiments have provided evidence that polysomal fractions prepared by this procedure contain mRNAs actively engaged in protein synthesis (1) . Puromycin treatment completely dissociated mRNA from polysomes, indicating that the association of mRNAs with polysomes is functionally significant and not due to spurious interactions. Polyadenylated RNAs were prepared from these fractions and then translated in a cell-free system in the presence of [35S]methionine. The radioactive cell-free translation products were mixed with marker r-proteins, and the mixture was fractionated on 2D ribosomal gels ( Fig. 3 ). Subsaturating concentrations of RNA were used for the cell-free translations; thus, the intensity of the spots on the resulting fluorogram is a measure of the abundance of each translatable mRNA species in the sample. Radioactive translation products were found to comigrate with all marker r-proteins except rp24. This protein may not contain methionine, or it may be posttranslationally modified in vivo.
To confirm that the comigrating translation products are bona fide r-proteins, radioactive translation products were mixed with stainable quantities of r-proteins and fractionated on 2D gels. Selected r-protein spots were cut out of the gels and digested with V8 protease, and the resulting peptides were fractionated on a 20% polyacrylamide gel (Fig. 4 ). In all cases the radioactive peptides comigrated with a stained peptide, verifying the identity of the corresponding translation products as r-proteins.
The most striking result from the above-described experiments was that whereas most rp-mRNAs are barely detectable in polysomes of 5-h-old embryos, they are clearly associated with polysomes of 18-h-old embryos ( Fig. 3b and  d) . This result indicates that most of the rp-mRNAs are translationally regulated during embryogenesis of D. melanogaster. Although the representation of rp-mRNAs in polysomes of two different stages can be compared and estimated, the distribution of rp-mRNAs between polysomes and postpolysomal fractions is difficult to assess by these experiments. This is due to the fact that many abundant mRNAs are efficiently translated (largely polysomeassociated) (reference 11 and Fig. 5 ) and thus are under-represented in the postpolysomal fraction. Consequently, the intensity of the labeled r-proteins among the translation products from the postpolysomal mRNAs leads to an overestimation of the corresponding rp-mRNAs in this fraction. As indicated at the end of the next paragraph, RNA blot analysis allows a more precise estimate of this parameter.
A semiquantitative evaluation of the changes of r-protein mRNA representation in polysomes during embryogenesis is presented in Table 1 . The developmentally regulated changes of rp-mRNA association with polysomes were not uniform for all rp-mRNAs. Certain rp-mRNAs (e.g., those coding for r-proteins 2, 4, 9, 11, 13, 18, 34, and 35) appeared to show a greater degree of translational regulation than others since the corresponding cell-free translation products of polysomal RNAs showed a large change in intensity between 5-h-and 18-h-old embryos ( Fig. 3b and d) . At the other extreme, rp-mRNAs coding for r-proteins 1, 22, 30, 40, and 45 showed a much smaller shift into the polysomal fraction at 18 h ( Fig. 3b and d) . No shift was observed for rp46 mRNA. These observations are consistent with the results of a recent related study (1) in which the polysomal distribution of two rp-mRNAs was measured by RNA blot analysis. In one case the proportion of rp-mRNA associated with polysomes increased from 3% in 5-h-old embryos to 49% in 18-h-old embryos, while the shift for another rp-mRNA was only from 23 to 36%.
The following observations substantiate the conclusion that the results described above represent specific translational regulation of rp-mRNAs and are not an artifact of the experimental protocol. First, for each experiment an equal amount of radioactivity was loaded on each gel. Therefore, the absence of radioactive r-proteins in the gel of Fig. 3b indicates a paucity of the corresponding mRNAs in the sample. Second, the mRNAs coding for several basic MOL. CELL. BIOL. Changes in association of rp-mRNAs with polysomes during embryogenesis. Postmitochondrial supernatants from 5-hor 18-h-old embryos were fractionated on sucrose gradients into polysomal and postpolysomal fractions. Polyadenylated RNA from each fraction was translated in a cell-free system in the presence of [35S]methionine. Equal amounts of radioactivity from each translation assay were mixed with marker r-proteins, and the mixture was fractionated on 2D ribosomal gels. The gels were stained and fluorographed, and the fluorograms are shown. RNA sources were as follows: (a and b) 5-h-old embryos; (c and d) 18-h-old embryos; (a and c) postpolysomal fraction; (b and d) polysomal fraction. Some r-proteins are identified (see Fig. 2 ) either by a circled number (large changes) or by an uncircled number (smaller changes) according to the degree of change in association of rp-mRNAs with polysomes during embryogenesis. A complete tabulation of these changes is given in Table 1 . nrp, Nonribosomal protein.
nonribosomal proteins appeared to be equally represented in polysomes of 5-h-and 18-h-old embryos (e.g., "nrp" in Fig.  3 ). Third, in several experiments an equal volume of the same translation mixture was loaded onto 2D IEF gels. The overall radioactive labeling patterns are very similar between 5-hand 18-h-old embryos (Fig. 5 , compare a with c and b with d). The rare changes observed represent the developmentally regulated appearance or disappearance of mRNAs and are not due to translational regulation. Therefore, developmentally regulated association of rp-mRNAs with polysomes during embryogenesis is unique for this class of mRNAs.
In vivo protein synthesis patterns verify the changes in association of rp-mRNAs with polysomes. To demonstrate that the specific changes in association of rp-mRNAs with polysomes reflect the true in vivo pattern of protein synthesis, 5-hand 18-h-old embryos were labeled with [35S]methionine by a new procedure (14a) that yielded labeled proteins of high specific activity. Radioactive embryo protein was mixed with marker r-proteins, and the mixture was fractionated on 2D ribosomal gels. Fluorograms of the gels are shown in Fig. 6 . Results from the cell-free translation experiments (Fig. 3 ) and the whole-embryo experiments (Fig. 6 ) are compared in Table 1 . There is an excellent agreement between both types of experiments. For instance, the few weak radioactive r-protein spots that were detected by in vivo labeling of 5-h-old embryos (Fig. 6 ) correspond to the same r-proteins that have a small proportion of their mRNA associated with polysomes in embryos of the same developmental stage (Fig. 3 ). Some r-proteins could not be analyzed in the in vivo experiment because they may have been masked in the gels by the histones synthesized in early embryos (Fig. 6a) . We have considered the possibility that the observed low levels of labeled r-proteins in Fig. 6a are a consequence of overrepresentation of labeled histones in this sample. This is unlikely because histone mRNAs constitute at most 3 to 4% of the total embryonic mRNA of 5-h-old embryos (2) . The Peptide maps confirm that the radioactive comigrating translation products are bona fide r-proteins. Selected spots from 2D gels (as in Fig. 3 and 5) containing marker r-proteins and labeled translation products were cut and digested with V8 protease. The resulting peptides were fractiontated on a 20% polyacrylamide gel, which was stained and fluorographed. Lanes for each spot are as follows: (a) undigested stained protein; (b) fluorograph of (a); (c) digested stained peptides; (d) fluorograph of (c). Lane E, V8 protease alone was electrophoresed and stained. Numbers at the top identify the r-proteins analyzed (see Fig. 1 and 2) . Fig. 6a is a consequence of the small proportion of the total proteins that are analyzed by this gel system. In addition, several radioactive nonribosomal proteins were labeled in vivo to equal intensity in 5-h-and 18-h-old embryos.
R-protein gene expression is not altered in bobbed mutants.
During mid-oogenesis, rRNA synthesis occurs at very high rates (27) and a large proportion of the rp-mRNAs are associated with polysomes (1) . Transcription of rRNA is not detectable in preblastoderm embryos up to about 2.5 to 3 h of development. rRNA synthesis begins in the cellular blastoderm stage and increases steadily through late Some small-variability occurred between experiments; however, the relative changes between developmental stages were always similar. Some r-proteins have been omitted or designated (-) because they are obscured by other proteins (i.e., globin in Fig. 3 and histones in Fig. 6 ). b Polysomal mRNA from embryos at each developmental stage was translated in a cell-free system in the presence of [35S]methionine, and the products were fractionated on 2D ribosomal gels (see Fig. 3 ).
Embryos at each developmental stage were labeled with [15S]methionine, and the products were fractionated on 2D ribosmal gels (see Fig. 6 ). Equal amounts of radioactivity from each extract were mixed with marker r-proteins, and the mixtures were fractionated on 2D ribosomal gels. The gels were stained and fluorographed; fluorograms are shown. Some r-proteins are identified by their numbers (see Fig. 2 and 3 ). (a) 5-h-old embryos. (b) 18-h-old embryos. The heavily labeled spots in the lower part of gel (a) are probably histones. embryogenesis (la, 25) . Taken together with the results presented above, it appears that the translation of rp-mRNAs correlates with rRNA synthesis during oogenesis and embryogenesis. Bobbed mutants are deficient in functional rRNA genes, and the resultant phenotype is believed to be a consequence of a decrease in rRNA synthesis (38, 46) . To test the relationship between rRNA synthesis and r-protein gene expression, we compared both the abundance and polysomal distribution of two rp-mRNAs in ovaries of severely bobbed and wild-type flies. Ovaries were selected for these experiments because the proportion of rp-mRNAs in polysomes is highest during oogenesis (1) Increasing amounts of total RNA from ovaries of bobbed (bb) or wild-type (wt) flies were electrophoresed on a denaturing gel and blotted onto a nitrocellulose filter. The same filter was sequentially hybridized with 32P-labeled r-protein DNA probes rp49 and rpAl and also with actin and rDNA probes as controls. Autoradiograms are shown. No consistent difference was observed in the abundance of the rp-mRNAs relative to that of the actin mRNAs. The RNA samples were from young ovaries (stages 1 to 8) and in the following amounts: lanes 1 and 4, 5 jig; lanes 2 and 5, 10 p.g; lanes 3 and 6, 15 R.g. (b) mRNA association with polysomes. Polysomes were prepared from postmitochondrial supernatants of young ovaries (stages to 8) from bobbed (bb) and wild-type (wt) flies. RNA was extracted from the polysomal fractions and blotted in increasing amounts onto a Gene Screen filter. The same blot was sequentially hybridized to 3P-labeled r-protein probes rp49 and rpAl and to a histone probe as a control. Autoradiograms are shown. Using histone mRNA as a reference, no consistent differences in rp-mRNA association with polysomes were observed between bobbed and wild-type ovaries. The following amounts of RNA were analyzed in lanes 1 to 6 and 7 to 12: 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 p.g, respectively. sensitivity for the detection of possible changes in translation. Furthermore, no means of obtaining a uniform population of severely bobbed embryos is available due to the lack of early embryonic genetic markers.
Equal amounts of total RNA from bobbed and wild-type ovaries were fractionated by gel electrophoresis and blotted onto nitrocellulose. The blots were hybridized with the 32 P-labeled rp49 and rpAl r-protein probes and the control actin and rDNA probes. No consistent differences were observed in the relative abundance of rpAl or rp49 mRNA when standardized to actin or rRNA (Fig. 7a ). To determine whether the poly$omal distribution of rp-mRNAs was altered in bobbed mutants, RNA from wild-type and bobbed mutant ovaries was fractionated into postpolysomal and polysomal fractions and compared by dot-blot analysis. The representation of rp49 and rpAl mRNAs in polysomes relative to that of histone mRNAs was measured by hybridization of the dot blots with the corresponding probes ( Fig.   7b ). Histone mRNAs were used as a reference because histones are synthesized on polysomes of a size similar to those containing r-protein mRNAs. The results indicate that relative to the histone mRNAs, the same amount of rp-mRNAs is found in the polysomes of wild-type and bobbed ovaries. Together the results described in this section suggest that neither abundance nor translation of these two rp-mRNAs is altered in bobbed mutants. DISCUSSION The mRNA that we previously determined to be translationally regulated during D. melanogaster development (11) is now identified as coding for an r-protein ( Fig. 1 and 4 ). Moreover, most rp-mRNAs appear to be regulated in a similar manner ( Fig. 3 and 6 ; Table 1 ). These results are in complete agreement with those obtained recently in this laboratory (1) utilizing two cloned r-protein DNA probes. The cell-free translation and 2D gel analysis presented here allowed the observations to include a large number of r-protein genes. The translational regulation of rp-mRNAs has been substantiated in a number of organisms including procaryotes (21, 31) , yeasts (33) , Dictyostelium (35, 36) , Xenopus laevis (34) , and mouse fibroblasts (13) . In X. laevis, rp-mRNA levels peak at vitellogenesis, remain stable during most of oogenesis, and drop to undetectable levels by early embryogenesis, when no ribosomes are synthesized (34, 51) . Later in embryogenesis rp-mRNAs accumulate again, when they are transiently excluded from polysomes. The situation is quite different during D. melanogaster development because the relative abundance of rp-mRNAs remains constant throughout early development (1) . Although in both organisms most r-proteins are not synthesized during early embryogenesis, in X. Iaevis rp-mRNAs are degraded whereas in D. melanogaster the abundance of rp-mRNAs remains high but their translation is specifically inhibited. Embryogenesis in D. melanogaster is relatively short; perhaps conservation of the maternal pool of rp-mRNAs is instrumental for ribosome synthesis later in embryogenesis. It is interesting that in D. melanogaster certain rp-mRNAs ( Fig. 3 and 6 ) appear to escape translational regulation. Likewise, in X. laevis several r-proteins are also constitutively synthesized (34) .
It appears that the shifts in rp-mRNA translation are not absolute and that a larger proportion of some rp-mRNAs associate with polysomes than others. The more quantitative RNA blot analysis confirmed these observations; two rp-mRNAs were found to be associated with polysomes to different extents during embryonic development (1) . There are several plausible explanations for these differences. First, it is possible that individual r-proteins are made in nonequimolar amounts. La Marca and Wassarman (16, 17) have demonstrated that during mouse oogenesis individual r-proteins are synthesized in nonequimolar amounts despite their equimolar representation in ribosomes. Second, the half-life or exchange rates (or both) of individual r-proteins on the ribosome may be different (19) . Finally, the apparent TRANSLATIONAL REGULATION OF RIBOSOMAL PROTEIN GENES overproduction of certain r-proteins could be related to changes in r-protein constitution of ribosomes (5, 6, 18) .
There is an apparent discrepancy between our results and those of Santon and Pellegrini (43, 44) , who found that some r-proteins are synthesized in preblastoderm embryos. It is possible that this is merely a quantitative difference. For instance, overexposure of the fluorograms (Fig. 3 and 6 ) reveals that some r-protein synthesis may occur in early embryos, although at much lower rates than during oogenesis or late embryogenesis. The cell-free translation experiments are in complete agreement with the in vivo labeling experiments, indicating that abundance of rp-mRNAs among polysomal RNAs reflects true in vivo synthesis rates. Thus, these results suggest that the relative rate of r-protein synthesis is low during early embryogenesis and higher at other developmental stages.
The temporal relationship between cessation of rRNA synthesis and rp-mRNA polysome association during D. melanogaster development led us to investigate whether an alteration of rRNA synthesis had a specific effect on the expression of r-protein genes. Selective inhibition of rRNA synthesis was achieved by genetic means through the use of bobbed mutants. These mutants are deficient in rRNA genes and are presumed to synthesize rRNA at a reduced rate (38, 46) . Although we found no difference between bobbed and wild-type ovaries in the abundance or in the association of rp-mRNAs with polysomes, it does not necessarily mean that rRNA synthesis and rp-mRNA translation are not interrelated. Considering that the content of rRNA (and presumably of other macromolecules as well) is similar in wild-type and bobbed egg chambers (29) , the relative rate of synthesis of each component (e.g., ribosomes, tubulin, histones, actins) may be assumed to be similar as well. Thus, it is reasonable to expect that the corresponding mRNAs, including those coding for r-proteins, are present in bobbed egg chambers in the same relative amount and are translated with the same relative efficiency as in wild-type egg chambers, an expectation that is consistent with our results. We hypothesize that in bobbed ovaries the overall rate of protein synthesis is lower than in the wild type, perhaps to the same extent as the reduction in the rates of rRNA synthesis. Circumstantial evidence supporting this hypothesis comes from the fact that in bobbed flies it takes a considerably longer time to produce an egg that contains the same mass of rRNA as that of the wild type (29) . Reduction in the rates of protein synthesis in bobbed flies is assumed to occur by a concerted decrease in the rates of initiation, elongation, and termination of translation because the polysome profile from mutant ovaries is indistinguishable from that of the wild type (data not shown). Precedents exist in D. melanogaster for this type of regulation; a 15-to 30-fold coordinate decrease in the rate of protein synthesis appears to occur during the late stages of D. melanogaster oogenesis (40) and in D. melanogaster cultured cells during heat shock (3) . Thus, it is possible that rRNA and r-protein synthesis is also coordinated in bobbed mutants. Coordination may be achieved by a general reduction in the rates of protein synthesis to match the decrease in rRNA production and not by specifically altering r-protein gene expression, as is the case in embryogenesis.
The mechanisms involved in the translational regulation of r-protein gene expression are best established in procaryotes (21, 31) . Inhibition of r-protein synthesis has been ascribed to the binding of r-proteins to rp-mRNA secondary structures which resemble rRNA binding sites (30, 32) . Little is known about how rp-mRNA translation is regulated in eucaryotes. Since postpolysomal mRNAs are highly active in a cell-free translation system (Fig. 3) , it is unlikely that rp-mRNAs undergo a stable covalent modification in vivo.
We would like to propose that a reversible protein-nucleic acid interaction may be involved in the regulatory mechanism. The reassociation of rp-mRNAs with polysomes in late embryogenesis may be due to the "unmasking" of rp-mRNAs. However, the fate of new zygotic rp-mRNA transcripts has not been determined. It is possible that the zygotic rp-mRNA transcripts are either preferentially translated or sequestered during late embryogenesis. The ability to modify cloned genes and to reintroduce them into the whole organism (39) may allow further progress in solving these important issues.
